This study describes the histopathologic and electrophysiological findings in patients with recurrence of atrial fibrillation (AF) after pulmonary vein (PV) isolation who underwent a subsequent surgical maze procedure.
Catheter-based electrical isolation of the pulmonary veins (PVs) has emerged as an important therapy for patients with drug-refractory atrial fibrillation (AF) (1) . The success rate at 12 months for patients at experienced centers is approximately 70%, with wide variability in reported successful outcomes (2) . Recovery of PV conduction is considered to be the most common reason for recurrent AF after an initially successful procedure (3) (4) (5) . It has been speculated that the recovery of PV conduction is due to failure to create transmural lesions or to anatomic gaps in the ablation line(s). This conjecture has not been confirmed by using histological studies of PVs after unsuccessful PV isolation in humans. In the present study, we describe the histopathologic and electrophysiological findings of PVs in patients undergoing a surgical maze procedure for recurrent AF after initially successful catheter-based PV isolation.
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Methods Prior ablation. The study included 12 consecutive patients with paroxysmal (n ϭ 6) or persistent (n ϭ 6) AF who underwent surgical maze procedures between August 2006 and January 2009 for recurrent AF after successful catheterbased PV isolation procedures. The study was approved by our institutional review board, and all patients provided written informed consent to the investigational protocol. Nine patients had undergone antral PV isolation at our institution guided by intracardiac echocardiogram (AcuNav, Siemens Medical Solutions, Mountain View, California) and circular multipolar electrode catheter recordings (Lasso, Biosense Webster, Diamond Bar, California), as described previously (4, 6) . These patients underwent radiofrequency (RF) ablation with a 3.5-mm tip open-irrigation catheter (ThermoCool, Biosense Webster) with power limited to 25 W on the posterior left atrium and 35 W on the remaining sites. Energy application was 20 s on the posterior left atrium and up to 45 s in anterior locations. In addition, 1 patient underwent cryoablation with an 8-mm tip catheter (CryoCath Freezor MAX, Medtronic, Montreal, Quebec, Canada) to a single PV that could not be isolated proximal to the PV ostium. In these 9 patients, isolation of all 4 PVs was demonstrated by entrance and exit block. Persistent electrical isolation of each vein was confirmed during isoprotenolol infusion up to 10 g/min 20 min after isolation of the last PV. The other 3 patients had their procedures performed at outside institutions, and specific details about their procedure were unavailable, but it was reported that they underwent PV isolation procedures with entrance block as the electrophysiological endpoint. Surgical procedures. A full surgical Cox maze III procedure was performed in each of the 12 patients via median sternotomy, as described previously (7, 8) . Before left atriotomy, a circular mapping catheter (Lasso) was placed epicardially around each PV as close to the antrum as possible. Bipolar recordings were made from the 20-pole catheter on a physiological recorder (Prucka Cardiolab, GE Healthcare, Waukesha, Wisconsin). After recordings were obtained from each PV, a left atriotomy was performed on cardiopulmonary bypass. The endocardial surface near each PV was visualized and examined for presence of scarring from the prior ablation. A fullthickness incisional biopsy specimen was obtained from locations at which the prescribed atriotomy lines crossed the prior ablation lines. Concomitant tricuspid valve annuloplasty was performed in 1 patient, mitral valve annuloplasty in 1 patient, coronary artery bypass grafting in 3 patients, patent foramen ovale closure in 2 patients, and aortic valve replacement with ascending aortic aneurysm repair due to bicuspid aortic valve in 1 patient. In 6 patients, the maze procedure was performed as the only intervention. Histopathologic tissue examination. Tissue specimens were fixed in 10% neutral buffered formalin and processed to paraffin blocks. Histological sections prepared from the blocks were stained with hematoxylin and eosin and trichrome stains and examined by using light microscopy. Statistical analysis. Baseline descriptive variables are presented as frequencies and percentages for categorical variables and mean Ϯ SD for continuous variables. All analyses were performed using SPSS version 15.0 (SPSS Inc., Chicago, Illinois).
Results

Patient characteristics.
The characteristics of the 12 study patients are shown in Table 1 . The majority of patients were male (92%) with a mean age of 59 Ϯ 8 years, normal left ventricular function, and with both persistent (n ϭ 6) and paroxysmal (n ϭ 6) AF. Documented recurrences of AF occurred 6 Ϯ 14 months (range 3 to 30 months) after the last RF ablation. The surgical maze procedures were performed 8 Ϯ 11 months (range 4 to 37 months) after the catheter ablation. Biopsy specimens. Twenty-two PVs were biopsied at the sites of dense antral scar, with a range of 1 to 4 PV biopsy specimens per patient ( Table 2 ). The specimens were obtained from 9 right superior PVs, 3 right inferior PVs, 7 left superior PVs, and 3 left inferior PVs. The mean thickness of the biopsy specimens was 3.5 Ϯ 1.2 mm (range 1 to 6 mm). In 2 samples, tangential sectioning precluded assessment of biopsy thickness. Postsurgical follow-up. Of the 12 patients, 2 were followed up in other hospitals after their surgical procedures. The median follow-up duration of the remaining 10 patients was 30 months (range 6 to 60 months). Of the 10 patients who were followed up at our institution, only 1 patient had a clinical recurrence of AF necessitating therapy. Histological findings. Histological analysis of the biopsy samples showed findings consistent with myocardial thermal injury in every sample ( Table 2 ). The most common evidence of injury was endocardial thickening in 21 specimens (95%), fibrous scar in 18 specimens (82%), and nuclear pyknosis in 16 specimens (73%) ( Table 2 ). Four (18%) biopsy specimens showed only viable myocardium but no fibrous scar (Fig. 1) . Seven (32%) biopsy results demonstrated nontransmural fibrous scar with adjacent viable myocardium (Fig. 2) , and 11 biopsy results (50%) showed transmural fibrous scar with no viable myocardium (Fig. 3) . Myocytolysis was noted in 11 (50%) specimens (Fig. 4) . PV conduction. Four patients (33%) were in sinus rhythm before the surgery, and 8 (67%) patients were in AF. Six patients demonstrated persistent conduction block in at least 1 PV. Two of these 6 patients demonstrated conduction block in all 4 veins. In 2 patients, electrical isolation was documented in 2 of the 4 veins, and 2 patients had isolation in 1 of 4 PVs. The remaining 6 patients demonstrated conduction in all 4 PVs. Of the 7 PVs with conduction block (from 5 patients), transmural
Figure 1 Histology and PV Recordings From PVs Showing Electrical Conduction
Histology showing viable myocardium, interstitial fibrosis, and no discrete fibrous scar using (A) hematoxylin and eosin stain and (B) pulmonary vein (PV) recording from a patient showing electrical conduction into PV #22 from Table 2 . LS ϭ left superior.
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Histopathology of RF Ablation Lesions scar without viable myocardium in biopsy specimens was seen in 5 PVs (71%) from 4 patients, intermixed scar and viable myocardium in 1 PV (14%) from 1 patient, and viable myocardium only in the biopsy specimen from 1 PV from 1 patient (14%). Of the 15 PVs that recovered electrical conduction, transmural scar without viable myocardium was demonstrated in 6 PVs (40%) from 3 patients, intermixed scar and viable myocardium was seen in 6 PVs (40%) from 3 patients, and viable myocardium only was noted in 3 PVs (20%) from 3 patients. The proportion of biopsy specimens with transmural scar without viable myocardium was considerably greater for the PV with conduction block (71%) than for those PV with intact conduction (40%) (Fig. 5) .
Discussion
The major findings of this study are: 1) biopsy specimens from PVs after successful catheter-based isolation frequently show nontransmural scar or gaps at the site of ablation; 2) PV conduction block may occur despite nontransmural lesions along the ablation line; and 3) the histology of antral ablation lesions is complex, with evidence of reversible cellular injury (myocytolysis) that may contribute to late recurrences of PV conduction. The rate of PV reconnection is between 50% and 81% of previously isolated PVs (3, 4, 9, 10) . Return of PV conduction after catheter-based isolation procedures is assumed to be due to failure to create permanent contiguous transmural lesions in at least part of the ablation line. The anatomic correlates to PV reconnection have not been previously demonstrated.
Our findings show that lesion gaps or nontransmural lesions along the ablation line are common in patients with recurrent AF after acutely successful catheter-based PV isolation. Very few studies have examined the histology of human atrial myocardium after AF ablation procedures. Deneke et al. (11) sampled 59 lesions at the time of intraoperative cooled tip RF catheter ablation and found lack of transmurality in 25% of all lesions. Accord et al. (12) reported the histological findings in 3 patients who died 2 to 22 days after intraoperative epicardial microwave ablation for PV isolation. At autopsy, only 3 of 13 specimens from these patients showed transmural lesions. To the best of our knowledge, there are no data on the histopathology of Histology showing transmural scar using (A) hematoxylin and eosin stain and (B) PV recording from the same patient showing electrically isolated PV potentials while patient is in atrial fibrillation from PV #2 from Table 2 . Abbreviations as in Figure 1 .
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Histopathology of RF Ablation Lesions percutaneous RF ablation lesions for AF in humans. The reasons for the failure of RF catheter ablation to produce uniformly transmural lesions is not known. Clearly, there is failure to achieve uniformly lethal tissue heating during ablation. This failure may be due to poor electrode-tissue contact, insufficient power delivery, or excessive convective cooling. Tissue heating to sublethal temperatures can result in reversible loss of myocardial electrical activity (13) . In addition, it is known that the maximal action potential amplitude (dV/dt) and action potential duration are all reduced within several millimeters of the edge of acute RF lesions (14) . These changes are expected to involve the tissue comprising gaps in linear ablation lesions and may be responsible for rendering these discontinuities temporarily nonconductive. These changes are known to resolve after ablation, conceivably allowing a return of conduction through the gaps. Misplaced ablation lines and noncontiguous lesions could also result in failure of PV isolation. Similarly, inaccurate mapping of PV electrical activity at ablation could lead to the misdiagnosis of PV block when, in fact, conduction persists. We feel that this is unlikely because our practice is to extensively map the PV with the circular catheter starting deep within the vein and pulling back to the PV antrum. In our practice, electrogram abatement at the PV antrum is not accepted as evidence of conduction block. The finding of conduction block in PV despite nontransmural scar along the ablation line has 2 likely explanations. It is possible that the fascicles of viable tissue evident at the site of biopsy are nonconductive due to ablation at a more ostial or a more atrial site that is outside the extent of the biopsy specimen. Alternatively, the tissue geometry of the viable tissue along the ablation line is such that conduction fails due to angulation, branching, or narrowing of the propagating wave front (15) .
The reason for recurrence of PV conduction that becomes manifest even years after successful PV isolation are unknown; however, the histopathologic findings in our study allow for speculation (16, 17) . All biopsy specimens in our study demonstrated findings consistent with thermal injury even 37 months after catheter ablation. Findings such as nuclear pyknosis are associated with apoptosis and anticipated cell death. However, the findings of myocytolysis represent potentially reversible cellular responses to injury. The tissue substrate within the ablation areas seems to be dynamic long after catheter ablation. This dynamic substrate may have the potential for late return of conduction. Study limitations. This study has several limitations. Not all PVs could be sampled. The exact details of the procedure were unknown in 3 patients who underwent catheter ablation at outside institutions; however, all PVs were reportedly isolated after the ablation. Only a limited area of the visible scar around the PVs was sampled. Therefore, discordant findings of persistent PV conduction despite biopsy samples showing transmural scar could hypothetically be secondary to noncontiguous areas of ablative lesions being missed during sampling. The sample size is small, yet the qualitative findings of nontransmural lesions within the ablation line support previously held clinical suspicions.
Conclusions
Electrical PV reconnection was frequently seen in these study patients with recurrent AF after initially successful PV isolation. The return of PV conduction was associated with histopathologic evidence of nontransmural lesions along the ablation line. Kowalski et al. March 6, 2012:930-8 Histopathology of RF Ablation Lesions
